Abstract-The results of measurements of backscatter cross section per unit volume and attenuation for falling snow and rain at 96, 140, and 225 GHz are presented. The attenuation due to rain is almost independent of the measurement frequency, but for snow the attenuation is considerably greater at 225 GHz than at 96 GHz. The rain attenuation generally varies with the rain accumulation rate in accordance with an aRh relationship for a Laws and Parsons drop-size distribution. The attenuation at all three frequencies is about 3 dB/km for a rain rate of 4 mm/h. The attenuation due to snow varies linearly with airborne snow-mass concentration, with the average rates of increase being 0.9, 2.5, and 8.7 ( d B / k m ) / ( g / m 3 ) at 96, 140, and 225 GHz, respectively. Generally the attenuation for snow is lower than that for rain. The backscatter cross section per unit volume for rain at 96 GHz is about -35 dB m'/m3 for a rain rate of 4 mm/h. The backscatter from snow at 96 GHz is much lower than that for rain under equivalent accumulation rates or airborne mass concentrations. Snow backscatter at 140 and 225 GHz is comparable but higher than that at 96 GHz.
I. INTRODUCTION ONSIDERABLE advances have been made in recent
C years in millimeter-wave technology for the frequency range above 90 GHz, but little information is generally available on the propagation characteristics in this region of the spectrum. In this paper we report on a series of field experiments that were conducted to obtain data on the backscatter and attenuation for falling snow and rain at frequencies of 96, 140, and 225 GHz. The measurements for falling snow were conducted during three separate winter tests that were organized by the U.S. Army Cold Regions Research and Engineering Laboratory (CRREL). The millimeter-wave measurement results have been presented at several CRREL Snow Symposia with limited attendance, and only the data from the initial measurements have been published elsewhere [ l]. We report here on the more extensive backscatter and attenuation data obtained after the first snow measurements. Some measurements of attenuation and backscatter for rain also were made at other field tests, and these results also are presented here.
Section I1 describes the measurement system and the procedure used to perform the measurements. Section I11 gives the measurement results for rain and snow and a discussion of these results.
11. MEASUREMENT SYSTEM The instrumentation system used to perform the millimeter-wave measurements has been described in some detail in a previous report [2] . Various modifications and operational improvements were made in the system after that report, but its basic form remained unchanged. A summary of the system parameters is given in Table I . The system is contained in two semitrailers, one of which is termed the "transceiver van" and the other the "receiver van. " The transceiver van contains a transmitter and a heterodyne receiver for each of the system frequencies of 96, 140, and 225 GHz, as well as a minicomputer that is used for system control, data processing, and recording. Each of the transmitters and heterodyne receivers has a 61-cm diameter Cassegrain antenna. The transmitter and receiver antennas for each frequency are located side-by-side with a separation of about 1 m between centers. The height above ground level is about 3 m for the 96-and 140-GHz antennas and about 2 m for the 225-GHz antennas. The van is equipped with a canvas canopy to prevent wetting of the protective windows by snow or rain.
The transmitter sources are high-power pulsed extended interaction oscillators. The transmitters have precision attenuators that are used for calibration, and the peak power level for each pulse is sampled and recorded.
The heterodyne receivers are used to measure backscatter and employ single-ended biased GaAs Schottkydiode mixers and 750-MHz IF logarithmic amplifieddetectors with a 70-dB dynamic range. The backscatter video is digitized with a flash 8-bit analog-to-digital (A/D) converter, and a data acquisition system allows the return signals from 128 positionable 7.5-m range gates to be recorded or displayed.
The receiver van has three receivers with 61-cm diameter Cassegrain antennas to measure the direct transmission from the transceiver van. The 96-and 140-GHz antennas are located side-by-side and above the 225-GHz antenna, and the heights of the antennas above ground level are the same as those in the transceiver van. The receiver van also is equipped with a canvas canopy. Each of the receivers has a millimeter-wave filter, and the signals are directly detected with GaAs Schottky diodes. The video signals are logarithmically amplified, digitized with U.S. Government work not protected by U.S. copyright
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Backscatter from snow and rain was measured with the heterodyne receivers in the transceiver van. The antenna for each receiver was oriented so that its pattern overlapped that of the corresponding transmitter at the desired range. A precision trihedral reflector or sphere placed at the center of the overlap volume was used for calibration of the backscatter level. The calibration was performed during a "clear air" condition (free of snow or rain) immediately before or after the measurement period. The backscatter cross section per unit volume 17 for the medium being measured is given at time t by ( 2 ) 9 6 GHz GHz 1 4 0 2 2 5 GH z The transmitter and video receiver antenna beam patterns were measured at ranges of 643 m and greater, and the 3-dB beamwidths are given in Table I . Since backscatter measurements were made at a much smaller range, the transmitter and heterodyne receiver beam patterns also were measured at a range of 120 m to check for possible near-field effects. No evidence of any significant changes in the beam shape were found. The beamwidths at this range were measured to be 6.4, 4.25, and 3.2 mrad at 96, 140, and 225 GHz, respectively, and, therefore, only slightly changed from the values measured at longer ranges.
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Attenuation due to falling snow or rain was determined by measuring the direct transmission between the transceiver and receiver vans. The change in the attenuation coefficient ACY as a function of time t is given by where r is the distance (in kilometers) between the transmitter and receiver, PR( t ) / P R ( t o ) is the ratio of received power at time t to that at a reference time to, and PT ( t ) / P T ( t o ) is the corresponding ratio of transmitted powers. The measurements reported here were made with the distance r ranging from 0.64 to 1.2 km. In each case a check was made for multipath effects and none was found. The output power of the transmitters was usually very stable, and the ratio P T ( f ) / P T ( f 0 ) was very close the snow or rain at time f to that from the reference re--flector at the time of calibration to. The ratio of transmitter powers and A a are as defined previously, and r is the range from the transmitter and receiver to the position of the reference reflector. The signal reflected from the snow or rain is sampled at the time after transmission when backscatter is being received from a range interval centered at r. The scattering volume was calculated from
where c is the velocity of light. i is the effective pulsewidth of the system, and 8 is the full antenna beamwidth at the half power level. This is a good approximation to the actual scattering volume, since the transmitter and heterodyne receiver antennas are separated by less than 1 in, Y was 120 ni, and i was between 110 and 150 ns. Concurrent with the millimeter-wave measurements of rain, the rain rate was determined with a tipping-buckettype gauge by the U . S . Army Atmospheric Sciences Laboratory. The gauge had a minimum measurable rain accumulation of 0.2 mm, and the sampling time ranged from 5 s to 1 min. The gauge was placed near the transceiver van for the measurements reported here.
During the measurement periods for attenuation and backscatter of falling snow, mass concentrations of snow particles in the air were determined with a CRREL-developed instrumentation system that uses the design concepts of Stallabrass [ 3 . ] The system is known as the airborne-snow concentration measurement equipment (ASCME), and it employs a snow-collection head placed near the end of an arm that rotates at a uniform rate in a horizontal plane. Samples of a known volume of air and snow are collected, and the snow particles then are separated from the airstream and melted. The volume of water formed is determined by creating uniformly sized drops and counting the number of drops. The lower limit of water-equivalent snow-mass concentration measurable with the ASCME is about 0.02 g/m3 in a 1-min sampling interval. Measurements were made with an ASCME located approximately midway between the millimeter-wave transceiver and receiver vans during the snow measurements. Frequently two or three colocated ASCME's were operated simultaneously to allow data checks and averaging.
MEASUREMENT RESULTS AND DISCUSSION

A. Rain
Measurements were made of attenuation and backscatter for rain at 96, 140, and 225 GHz at Camp Rilea, OR, near the Pacific coast, during January and February 1983. The transceiver and receiver vans were spaced 1 km apart for the measurements and in a flat area. Fig. 1 shows the change in the 96-GHz attenuation coefficient and the corresponding rain rate plotted as a function of time for one event during that period. Similar plots for the 140-and the 225-GHz attenuation show that at any instant of time the attenuation changes were nearly identical to those of 96 GHz. The average temperature during the measurement period was 8.3 C , the average relative humidity was 95.7 percent, and the absolute humidity dropped about 1.4 g/m3 during the measurement period. The 96-GHz attenuation data shown in Fig. 1 were not corrected for the change in absolute humidity, since the correction is estimated to be only about 0.1 dB/km or less [4] .
Between 0100 and 0700 h for the measurement period shown in Fig. 1 , the rain could be characterized as widespread and supposedly uniform spatially. The attenuations for 96, 140, and 225 GHz for this period are shown plotted versus the corresponding rain rates in Figs. 2, 3, and 4, respectively. The attenuation values plotted are the average values during the time required for an accumulation of 0.25 mm of rain, and they do not include any correction for changes in absolute humidity. The absolute humidity decreased during this period by about 0.6 g/m3, and the resultant changes in attenuation are estimated to be less than 0.1, 0.2, and 0.5 dB/km for 96, 140, and 225 GHz, respectively [4] .
It is seen from the figures that for this measurement period when the rain rate was about 4 mm/h, the attenuation coefficients were about 3 dB / km with variations of 5 1 dB/km about this value. The scatter of points in the plots is probably due primarily to the variation in the path-average rain rates from the values measured at a single location. Also shown in the attenuation versus rain rate plots are calculated values for attenuation ( I ! = aRb, where R is the rain rate and a and b are constants derived by Olsen et al. butions for low and high rain rates, and that marked MP is for a Marshall-Palmer distribution. It is seen that for rain rates less than about 8 mm/h, the curves calculated for Laws and Parsons distributions fit the data better than those based on a Marshall-Palmer distribution. dB m2/m3. No attempt was made to determine the overall degree of correlation between the backscatter cross section per unit volume, 7, and the rain rate. The backscatter volume for this measurement was relatively small (about 9 m3) and it was separated from the rain gauge by about 120 m. We note that even during the period of widespread rain spatial nonuniformities in the rain rate probably existed, and this would tend to decorrelate the backscatter and rain-rate data. Rain attenuation and backscatter measurements were made on a number of other occasions during the test at Camp Rilea. However, for most of these measurement periods the precipitation was in the form of showers rather than widespread rain, and correlation of the data with rain rates was not possible.
Attenuation due to heavy rain was measured during a brief thunderstorm at Ft. Belvoir, VA, in July 1982. For a 1-min period when the rain rate was 30 mm/h, the attenuations for all three frequencies had average values of about 20 dB / km. Higher attenuation coefficients were measured during several intervals of less than a minute when the corresponding rain rates were greater than 30 mm/h. The results obtained were consistent with an extrapolation of the Laws and Parsons curve for high rain rates. However, it must be noted that the rain probably was not uniform over the 1-km measurement path, and the rain rate was measured only at a single location near the transceiver van.
B. Snow
Measurements of millimeter-wave propagation characteristics were made during three separate winter field tests. These tests were conducted by CRREL and known as SNOW-ONE, SNOW-ONE-A, and SNOW-TWO. The first two of these tests were held at Camp Ethan Allen, VT, and the third at Camp Grayling, MI. The results obtained at the SNOW-ONE test have been published previously (1). Considerably more data were obtained for a variety of conditions at the SNOW-ONE-A and SNOW-TWO tests, and these results are reported here. The SNOW-ONE-A measurements were made during December 1981 and January 1982, and those at the SNOW-TWO test were made during December 1983 and January 1984. On several occasions snowfall measurements were relatively uncomplicated, in the sense that the snow did not occur before, after, or mixed with sleet or rain. For two events, however, the snowfall preceded, followed, or was mixed with sleet and/or rain. In this section the results obtained for these various conditions are discussed. Selected samples of data are presented and compared. The attenuation data are examined first, and then the backscatter data are discussed.
At the SNOW-ONE-A test the path length for the attenuation measurements was 643 m over a relatively flat terrain. At the SNOW-TWO tests the separation between the vans was 1177 m and the terrain also was flat and free of obstacles in the line of sight. Fig. 6 shows plots of snow concentration and attenuation versus time for a snowfall on January 5, 1984 that was uncomplicated by other effects. It is seen that the attenuations closely follow the variations in snow concentration, and that there is a rapid increase in the attenuation due to the snow as the frequency changes from 96 to 225 GHz. Similar results were obtained on other days when the same types of snowfall occurred and also for the measurements that were reported previously [ l] .
The 96-GHz attenuation data shown in Fig. 6 were obtained with a stepped polarization array of respective polarization states for the transmitter, backscatter receiver, and video receiver. The array was VVV, HHH, RLR, and VHH, where V, H, R, and L signify vertical, horizontal, right circular, and left circular polarizations, respectively. These states were changed every minute when snow, sleet, or rain data were being recorded. Except for the VHH polarization case, attenuation data for all the polarization combinations are shown in the same plot. No variations in 96-GHz attenuation observed for this or any other events at the SNOW-TWO test could be attributed to polarization changes. The VHH attenuation data could not be processed because of a baseline variation of about 3 dB caused by leakage of the 140-and 225-GHz signals into the 95-GHz detector. This leakage is not a problem under normal conditions, but when the 95-GHz signal level is reduced by 20 dB, as in the cross-polarized case, the leakage becomes significant. The 140-GHz and 225-GHz leakage signals act as noise in the 96-GHz receiver that mask any small change in the cross-polarized component of the 96-GHz transmission.
In Fig. 7 attenuation data taken on December 14, 1983 are shown for an event that consisted of changing mixtures of rain, sleet, and snow. During an initial period of about 1-1/2 h, the precipitation appeared to be mostly cold rain and/or sleet. The rain and sleet then turned into snow that continued for several hours. The instrument for measuring airborne snow-mass concentration did not function when rain or sleet were falling, so snow concentration data were obtained only for part of this event. From the figure it is seen that the attenuation increased more slowly with frequency when there was a mixture of precipitation phases than when only snow was falling. Similar results were obtained on another day (December 11, 1983) when varying mixtures of rain, sleet, and snow occurred. The variation in frequency dependence can be seen more clearly if one plots the same point-in-time values of attenuation for one frequency versus those for another frequency. In Fig. 8 the snow attenuations measured on January 5, 1984 at 225 GHz are plotted versus those at 140 GHz. It is seen that the attenuations for the two frequencies are well correlated, and the slope is 3.2. In Fig. 9 the corresponding plot for the mixed precipitation data of December 14, 1983 shows that there are two correlated sets of data points. The upper set of data points has a slope of 3.1 and is, for the most part, for periods when only snow was falling. The lower set, for periods of mixed rain and sleet, has a slope of about 1.45. We note that the Camp Rilea measurements show that the attenuation for rain is nearly constant as the frequency varies between 96 and 225 GHz. It is not surprising then that the rate of increase of attenuation with frequency for mixed precipitation is between that for rain and that for snow.
The dependence of attenuation on snow concentration also may be examined for those cases where only snow was falling. In Figs. 10 and 11 examples of these plots are shown for the events discussed above. The snow-mass concentrations and corresponding propagation data were averaged over the same l-win periods for obtaining the correlations. The 225-GHz attenuation is seen to be well correlated with the snow concentration for both of these events. The solid lines in the figures are the least-squaresfitted linear functions for the data. Similar correlations were found to exist between the attenuation and snowmass concentration for the 96-and 140-GHz data. Attenuation measured at 96, 140, and 225 GHz and the concurrent snow-mass concentration measurements for other periods during the SNOW-ONE-A and SNOW-TWO tests also were found to be correlated. The rate of change of attenuation per unit change in snow-mass concentration A was determined from a least-squares fit to the data for each case, and these values are given in Table 11 , together with other information about the measurement periods. Included in the table are the durations of the measurement period, the maximum snow-mass concentrations, the totals of water-equivalent snow accumulation, the temperatures at 2-and 762-m elevations, and comments on the weather condition during the time the measurements were made. The absolute humidity changes during the various snow measurement periods were 0.4 g/m3 or less in all cases except for December 6, 1983 when the change was 1.3 g/m3. No corrections to the measured attenuations were made for any changes in the absolute humidity since the results would not have changed significantly.
The average values of A for the eight snow measurements are seen from Table I1 to be 0.9, 2.5, and 8.7 (dB/km)/(g/m3) at 96, 140, and 225 GHz, respectively. The rms deviation from the average value of A is about f 2 3 percent for each of the measurement frequencies. It would be convenient for many purposes if the var- 
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iability in A could be correlated with a single easily measured environmental parameter. An examination of the available air temperature data for the various measurement periods appears to rule out temperature as.this parameter. The highest values of A were for measurements on December 1 1 and 14, 1983, and the lowest values, at least for 140 and 225 GHz, were on December 7, 1983. From the available air temperature data alone, one would not have predicted these results. It is significant, however, that the highest values of A occurred when the snow measurement period was preceded or followed by cold rain or sleet. Since liquid water is much more attenuating than ice, it is possible that the presence of liquid water mixed with the precipitation in some manner is responsible for the higher values of A measured on December 11 and 14, 1983. Improved techniques for characterizing the degree of wetness of precipitation under these circumstances are needed, however, in order to determine whether this is the case.
The backscatter measurements for snow were not as extensive as the attenuation measurements, but sufficient data were obtained to allow some comments to be made about the results. Figs. 12-14 show the dependence of v , the backscatter cross section per unit volume, on snowmass concentration for 96, 140, and 225 GHz, respectively. The data shown in the figures were obtained from measurements made on January 5, 1984, and r] is plotted in units of decibels relative to a square meter per cubic meter. It is seen from the figures that for all three frequencies the backscatter cross section per unit volume often varied several decibels relative to a square meter per cubic meter for the same snow-mass concentration. The results of measurements made on December 14, 1983 and limited data obtained on several other occasions also showed this same general behavior. In order to compare the results for several measurement periods, an approximate value of q was determined for each case that is representative of the backscatter data at a common value of snow-mass concentration. In Table 111 the backscatter cross sections per unit volume in decibels relative to a square meter per cubic meter for a snow-mass concentration of 0.5 g/m3 are listed together with the date of the measurement.
It is seen from Table I11 that the backscatter cross sections were higher for the measurements of December 14, 1983 than those for January 5, 1984, in accordance with the relative values of the attenuations measured on those two dates. In order to check the frequency dependence of the backscatter, a detailed comparison was made of 1-min averages of backscatter cross sections for 96, 140, and 225 GHz for the above two dates. For both days the backscatter cross sections for 140 and 225 GHz were found to be higher than those at 96 GHz. On the other hand, the Relationship between airborne snow-mass concentration and accumulatioo rate determined from data of Stallabrass (3) and nellor (7).
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The polarization dependence of the 96-GHz backscatter coefficients was examined during the measurements made on December 14, 1983 and January 5, 1984. As described above, various combinations of polarizations for the 96-GHz transmitter and backscatter receiver were used while data were being taken. The results obtained showed no measurable difference in backscatter levels for VV, HH, or RL combinations. For the VH case the observed crosspolarized backscatter levels were no different than those attributable to the 20-dB cross-polarization isolation of the system. That is, the cross-polarized, or VH, backscatter level was at least 20 dB below the VV level.
C. Comparison of Rain and Snow Results
For some purposes one would like to know the relative values of attenuation and backscatter for rain and snow. In the previous sections the rain measurements were related to rain accumulation rates and the snow measurements were related to water-equivalent airborne snowmass concentrations. In order to establish a common base for comparison of the rain and snow results, the airborne rain-mass concentrations for two specific rain accumulation rates were determined, and also the airborne snowmass concentrations that correspond to these same accumulation rates. For rain, the relationship between accumulation rate and airborne liquid water content given by Falcone et al. [6] was used. For snow, the correspondence between water-equivalent accumulation rate and airborne snow-mass concentration was estimated from data given by Mellor (7) and Stallabrass (3).
In Table IV -(i) the attenuation and backscatter for rain and snow are listed for the airborne water concentration of rain and the water-equivalent snow-mass concentration equal to 0.2 g/m3. The corresponding rain and snow accumulation rates are 4 and 0.5 mm/h, respectively, and these values also are indicated in the table. In Table IV -(ii) the attenuation and backscatter for an accumulation rate of 2 mm/h are listed. The corresponding rain and snow airborne mass concentrations are 0.1 and 0.5 g/m3, respectively, as shown in the table. Note that for rain both the accumulation rate and airborne mass concentration are lower in Table IV -(ii) than in Table IV -(i), whereas for snow the opposite is true.
The attenuation and backscatter values for rain given in Table IV are those for the measurements in widespread rain described in the previous section. For snow, the attenuation values given in the table are the averages for the eight measurements summarized in Table 11 . The backscatter values listed in Table IV are the averages of values measured on December 14, 1983 and January 5 , 1984 and listed in Table 111 . Table IV shows that the attenuation for rain is higher than that for snow at 96 and 140 GHz for the two cases considered. At 225 GHz the attenuation for rain is higher than that for snow for the case in Table IV -(i), but the reverse is true for the case in Table IV -(ii). With respect to the backscatter cross sections per unit volume, from Tables IV-(1) and IV-(ii) it is seen that at 96 GHz the backscatter is much greater for rain than for snow in both cases considered.
IV. CONCLUSIONS Attenuations and backscatter cross sections per unit volume have been measured for rain, snow, and mixed conditions of rain, sleet, and snow at frequencies of 96, 140, and 225 GHz. The rain attenuation was found to be relatively independent of frequency, whereas the attenuation for falling snow increased sharply with frequency. During periods of mixed precipitation, the rate of increase in attenuation with frequency was intermediate to that for rain and snow. For each frequency, the attenuation for widespread rain was found to increase with the rain accumulation rate R , generally in accordance with a Laws and Parsons aRb relationship, and the attenuation measured for falling snow was found to increase linearly with airborne snow-mass Concentration. The rate of increase of attenuation with snow concentration for eight different measurement periods was found to vary by about +23 percent from the average value, and the highest rates occurred for measurement periods that were preceded or fol-. lowed by cold rain and/or sleet. The attenuations for rain and falling snow were compared for two specific cases. For an airborne liquid concentration of 0.2 g/m3, rain is more attenuating than snow at all three frequencies. For a liquid water accumulation rate of 2 mm/h, rain is more attenuating at 96 and 140 GHz but not at 225 GHz.
The backscatter cross sections per unit volume measured for falling snow were found to be lowest at 96 GHz but comparable at 140 and 225 GHz. The backscatter at 96 GHz was compared for rain and snow, and it was shown that the backscatter cross section per unit volume for rain is much higher than that for falling snow when the airborne liquid concentration is 0.2 g/m3 and also when the accumulation rate is 2 mm/h.
The polarization dependence of attenuation and backscatter for falling snow at 96 GHz also was examined. No
